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Summary
In eukaryotes, cytokinesis generally involves an actomyosin
ring, the contraction of which promotes daughter cell segre-
gation. Assembly of the contractile ring is tightly controlled
in space and time [1–4]. In the fission yeast, contractile ring
components are first organized by the anillin-like protein
Mid1 into medial cortical nodes [5–9]. These nodes then
coalesce laterally into a functional contractile ring [10–13].
Although Mid1 is present at the medial cortex throughout
G2 [14], recruitment of contractile ring components to nodes
starts only at mitotic onset [12], indicating that this event is
cell-cycle regulated. Polo kinases are key temporal coordi-
nators of mitosis and cytokinesis [1], and the Polo-like
kinase Plo1 is known to activate Mid1 nuclear export at
mitotic onset [15, 16], coupling division plane specification
to nuclear position [7]. Here we provide evidence that Plo1
also triggers the recruitment of contractile ring components
into medial cortical nodes. Plo1 binds at least two indepen-
dent sites on Mid1, including a consensus site phosphory-
lated by Cdc2. Plo1 phosphorylates several residues within
the first 100 amino acids of Mid1, which directly interact
with the IQGAP Rng2 [17], and influences the timing of
myosin II recruitment. Plo1 thereby facilitates contractile
ring assembly at mitotic onset.
Results and Discussion
Medial cortical nodes organized by Cdr2 kinase preestablish
the division plane during interphase by recruiting Mid1 [5–7, 9,
14]. However, the further recruitment of contractile ring compo-
nents tomedial cortical nodesbyMid1doesnot take place until
mitotic onset [10, 12, 13]. Several lines of evidence have con-
nected thepolo-like kinasePlo1 toMid1: certainplo1mutations
phenocopy mid1 mutants [18, 19], Mid1 is hyperphosphory-
lated in mitosis [6] or upon Plo1 overexpression [16], Mid1
export from thenucleus is drivenbyPlo1 [16], andPlo1 localiza-
tion to the contractile ring depends on Mid1 [16]. Therefore,
we wondered whether Plo1 could regulate Mid1-dependent*Correspondence: paoletti@curie.fr
6Present address: Institut Cochin, Inserm U1016, CNRS UMR8104,
Universite´ Paris Descartes, 75014 Paris, Francerecruitment of contractile ring components to medial cortical
nodes at mitotic onset. Consistent with this hypothesis,
aMid1mutant deficient for nuclear localization does not rescue
the division plane position defects of the plo1-1 mutant and
does not compact into the contractile ring [14].
Mid1 Contains At Least Two Plo1 Binding Sites
We first analyzed how Plo1 binds to Mid1. Similar to other
substrates of Polo kinases, Mid1 interaction with Plo1
depends on Plo1 polo box domains (PBDs; see [20, 21]) [22].
The Plo1 PBD bound to the Mid1 N terminus (GST-Nter,
aa 1–422; Figures 1A and 1B), as well as the C terminus
(GST-Cter, aa 443–920; Figures 1A and 1B) in vitro, indicating
that Mid1 contains at least two independent Plo1 interaction
sites. Similar results were obtained by immunoprecipitation
(IP; see Figure S1A available online).
PBDs generally bind substrates through a consensus
sequence, MQSTPL, wherein the threonine is phosphorylated
[23]. Accordingly, deletion of a related motif within the Mid1
Cter fragment (RQSTPV, aa 514–519) or the surrounding region
(Mid1 D507–625), but not in the C-terminal part of Mid1
(Mid1 D626–920), reduced Mid1 coimmunoprecipitation with
Plo1-GFP (Figure S1B). However, it did not fully abolish Plo1
binding, confirming the presence of a second interaction site.
T517 Phosphorylation by Cdc2 Favors Plo1 Interaction
with Mid1
Cyclin-dependent kinases can prime substrates for Polo
kinases [23], and Cdc2 phosphorylated the Mid1 Cter (GST-
Cter, aa 443–920; Figure 1C). Phosphorylation by Cdc2 was
abolished when threonine 517 was replaced by alanine (Fig-
ure 1C). Moreover, SDS-PAGE of Mid1 Cter (Cter-GFP, aa
506–920; [24]) expressed in vivo revealed a slow migrating
band eliminated by phosphatase treatment and absent in the
Cter-T517A mutant (Figure 1D), indicating that Mid1 Cter is
phosphorylated on T517 in vivo. PhosphoT517 was also de-
tected by mass spectrometric analysis of GFP-Mid1 purified
from mitotic cells (see Table S2).
Furthermore, Plo1-GFP coimmunoprecipitated less Mid1-
T517A-12myc than Mid1-12myc (w30% of Mid1-12myc IP
levels after normalization, according to Mid1 and Mid1-
T517A expression levels; Figure 1E), and Plo1 localization to
the contractile ring was abolished in the Mid1-T517A mutant
(Figures S1C and S1D; 0 of 66 mitotic T517A cells with Plo1-
GFP at the contractile ring compared to 26 of 58 in control
mitotic cells), as in mid1 deleted cells [16]. In contrast, Mid1-
T517A localization was similar to wild-type Mid1 in interphase
or mitosis (Figure S1E), indicating that the residual binding of
Mid1-T517A to Plo1 is sufficient to promote Mid1 nuclear
export and Mid1 compaction into the contractile ring during
mitosis. Nevertheless, using the separation of spindle pole
bodies (SPBs) stained for Sfi1 [25] as a marker for mitosis
onset and the myosin II light chain Rlc1 [26, 27], we observed
a small but significant delay ofw3 min in myosin II recruitment
to medial cortical nodes in this mutant (Figure S1F).
In conclusion, Plo1 binds to Mid1 through at least two
independent sites. Phosphorylation of T517 by Cdc2 within
the C-terminal site favors Plo1 interaction with Mid1 during
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Figure 1. Plo1 Binding to Mid1 Involves Two Sites and Is Favored by Cdc2 Phosphorylation of Threonine 517 within the RQST517PV Consensus
(A) Mid1 molecule (Nter, orange; Cter, blue). The consensus Plo1 binding site RQSTPV is detailed with phospho-T517 in red.
(B) In vitro binding of Plo1 polo box domain (MBP-Plo1-PBD) on Mid1 Nter and Cter (GST-Nter, aa 1–422; GST-Cter, aa 443–920). Top: MBP-Plo1-PBD and
MBP (negative control) were revealed using a-MBP Abs. Bottom: loading controls (Coomassie blue staining).
(C) Cdc2 kinase assay on Mid1 Cter. Left: Mid1 GST-Cter (aa 443–920) or GST-T517A-Cter was incubated with Cdc2 and Cdc2 kinase dead (kd). Left: phos-
phorylation detected by autoradiography. Right: loading controls (Coomassie blue staining).
(D) Migration pattern of Mid1 Cter-GFP (aa 500–920) and Cter-T517A-GFP immunoprecipitated with an anti-GFP mAb and treated or not with calf intestine
phosphatase (CIP). Mid1 Cter was revealed by an anti-GFP mAb. Red arrow denotes phospho-Cter-GFP.
(E) Coimmunoprecipitation of Mid1-12myc or Mid1-T517A-12myc with Plo1-GFP. IPs and WB for Plo1-GFP were performed with an anti-GFP mAb. Mid1
was detected using anti-Mid1 affinity purified Ab (a-Mid1). Negative controls: anti-GFP IPs on extracts from cells expressing untagged Plo1. Right: signal
quantification. Raw signals of Mid1-12myc and Mid1-T517A-12myc in Plo1-GFP IP samples (left). Normalized signals relative to Mid1 and Mid1-T517A
concentration in input (2.8 ratio; right).
See also Figure S1.
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474mitosis, stable Plo1 localization at the contractile ring, and
Mid1 activity at the cortex.
Plo1 Phosphorylates Several Residues
within Mid1 1–100 Fragment
Plo1 phosphorylated Mid1 Nter in vitro (GST-Nter, aa 1–422)
but not Mid1 Cter (GST-Cter, aa 443–920; Figure 2A). Two-
dimensional phosphopeptide mapping identified four major
and several minor tryptic phosphopeptides in Mid1 Nter (Fig-
ure S2C). Consistent with Plo1 activity affecting the Mid1
Nter, Plo1 overexpression drove its nuclear export and
assembly into transient filamentous clusters before septation
(Figure 2D; Figure S2A), whereas the Mid1 Cter remained at
the medial cortex [24] (Figure S2A).
If Plo1 activates Mid1 by phosphorylating its Nter, mutants
of Mid1 Nter lacking key Plo1 phosphorylation sites should
exhibit strong functional defects. We thus analyzed our collec-
tion of 50 amino acid deletion mutants within the Mid1 Nter [7].
Besides the two well-characterized cortex anchoring mutants
(D300–350 and D400–450; Figure S2B) [7], D1–50 and D50–
100 exhibited strong division plane position defects (50%
and 70% of misplaced septa, respectively; 17% for full-length
Mid1 Nter; Figure 2B; Figure S2B). Because Mid1 residues
50–100 contain a nuclear export sequence [14], Mid1
NterD50–100 was strongly concentrated in the nucleus(nucleocytoplasmic ratio of w5 instead of w2 for Mid1 Nter;
Figure 2C). When we additionally deleted domain 450–506,
which contains a nuclear import sequence and is not neces-
sary for Mid1 Nter function, to force the mutant protein to
remain cytosolic (Mid1 NterD50–100D450–506; Figure 2C; Fig-
ure S2B) [7], a normal nucleocytoplasmic ratio was restored
(w1.5; Figure 2C), but this did not rescue division plane posi-
tion defects (65% misplaced septa; Figure 2B; Figure S2B).
We conclude that residues 50–100 have important functions
in addition to driving Mid1 nuclear export.
When Plo1 was overexpressed in the Mid1 Nter mutants
D1–50 and D50–100 or D50–100D450–506, they did not
assemble filamentous clusters, or they assembled very few
as compared to cells expressing the complete Mid1 Nter (Fig-
ure 2D), consistent with the hypothesis that Mid1 1–100 frag-
ment contains key Plo1 phosphosites.
Within this region are eight sites with strong similarity to
Plo1 consensus phosphorylation motifs ((D/E)22 2 (X)21 2
(S/T)02F+12 (X)+22 (D/E)+3, whereF is a hydrophobic amino
acid; Figure 2E) [28]. Mutation of these sites to alanine (aa 1–
422; GST-Nter-8Ala) eliminated two major phosphopeptides
and one minor tryptic phosphopeptide (Figure S2C), corre-
sponding to S15, S24, and T34 phosphosites (data not shown).
Mass spectrometric analysis of GST-Mid1 Nter phosphory-
lated by Plo1 in vitro confirmed S24 and T34 and also identified
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Figure 2. Plo1 Phosphorylates Mid1 Nter Residues 1–100
(A) Plo1 in vitro kinase assay on Mid1 GST-Nter (aa 1–422) or Mid1 GST-Cter (aa 443–920). Phosphorylation is detected by autoradiography (left). Right:
loading controls (Coomassie blue staining).
(B) Percentage of misplaced septa in Mid1 GFP-Nter, GFP-Nter D1–50, D50–100, and D50–100D450–506 mutants. Cells were grown at 30C. Error bars
denote standard deviation (SD), nine independent counts of 100 cells.
(C) Localization of Mid1 GFP-Nter, GFP-Nter D1–50, D50–100, D450–506, and D50–100D450–506 deletion mutants expressed in mid1D cells during
interphase. Scale bar represents 5 mm.
(D) Percentage of GFP-Nter, GFP-NterD1–50, D50–100, and D50–100D450–506 cells assembling clusters of filaments upon Plo1 overexpression for 20 hr at
25C. Error bars denote SD, three independent experiments, n > 400. Left: GFP-Nter fluorescence in a cell showing a cluster. Scale bar represents 5 mm.
(E) Phosphomap of Mid1 residues 1–100. Consensus Plo1 phosphorylation sites are boxed in orange, when mutated in Mid1-6Ala mutant, or in yellow.
Phosphosites detected by mass spectrometric analysis of mitotic GFP-Mid1 are shown in red in Plo1 consensus sites or in purple. Sequence coverage
is shown in blue. pS15 (in brown) was detected on Mid1 Nter phosphorylated in vitro by Plo1.
See also Figure S2.
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475S46 as a Plo1 phosphosite (Table S3). Finally, mass spectrom-
etry revealed that five consensus sites were phosphorylated
in vivo during mitosis (S24, T34, S46, S62, and two phospho-
sites among S94-S95-S97-S98; Figure 2E and Table S2).
Altogether, we confirmed six of the eight consensus Plo1
phosphosites (S15, S24, T34, S46, S62, and S95; Figure 2E).
Plo1-Dependent Phosphorylation of Mid1 1–100 Triggers
Myosin II Recruitment
Mutation of the six Plo1 phosphosites to alanine (Mid1-6Ala)
successfully reduced Mid1 hyperphosphorylation upon Plo1
overexpression in vivo (Figure S2D) [16]. In addition, the
Mid1-6Ala phosphodefective mutant was not fully exported
from the nucleus inw60% mitotic cells and always producedweak rings that did not compact properly in w70% of the
cases (Figures S2E and S2F), reminiscent of Mid1 behavior in
plo1-1 [14, 16].
Myosin II is not recruited to medial cortical nodes at mitotic
entry in plo1-1 cells (Figure S3A) [16].We thus analyzedmyosin
II recruitment in the Mid1 6Ala mutant, which also contained
mutations that force the protein to remain cytosolic (nsm) [7].
Rlc1 was recruited w4 min after SPB separation in the
Mid1nsm-6Ala mutant, with a delay of w9 min as compared
to control Mid1nsm cells (Figures 3A and 3B). Rlc1 recruitment
pattern was irregular (Figure 3A), and Mid1nsm-6Ala could not
compact properly into a ring structure, as observed for the
Mid1-6Ala mutant (Figure 3A; see also kymographs on
Figure S3B).
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Figure 3. Mid1 Activation by Plo1 Controls the Timing of Myosin II Recruitment to Medial Cortical Nodes
(A) Time-lapse movies of cells deleted for endogenous mid1 expressing Mid1nsm-4GFP (top), Mid1nsm6Ala-4GFP (middle), or Mid1nsmD50–100-4GFP
(bottom). Cells also express Rlc1-mcherry and Sfi1-mRFP. Sfi1 is a SPB component and serves as a marker for mitotic entry. Time is in minutes; time 0
corresponds to SPB separation. Maximum projections of Z stacks are shown. Scale bars represent 4 mm.
(B) Timing of Rlc1-mcherry cortical recruitment in same experiments as in (A). Mid1nsm-4GFP, n = 20; Mid1nsm6Ala-4GFP, n = 39; Mid1nsmD50–100-4GFP,
n = 26. p < 10210 and p < 10212 (Student’s t test), respectively, for equality between Mid1nsm6Ala or Mid1nsmD50–100 and Mid1nsm.
(C) Contractile ring assembly modes in same experiments as in (A). Green denotes without filaments, blue denotes with filaments, and red denotes with
filaments starting at tips. Mid1nsm-4GFP, n = 28; Mid1nsm6Ala-4GFP, n = 62; Mid1nsmD50–100-4GFP, n = 27.
(D) Percentage of misplaced septa in same strains as in (A) and inmid1D cells. Cells were grown at 30C. Error bars denote SD, six independent counts of
100 cells.
See also Figure S3.
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476In Mid1nsmD50–100 mutant (Figure 3A, bottom), which lacks
half the region containing Plo1 phosphosites, Rlc1 recruitment
occurred with a mean delay of w11 min compared to control
cells (Figures 3A and 3B), similar to mid1D cells (Figure S3F).
As in plo1-1 cells, recruitment frequently started away from
the medial cortex, sometimes at the very cell tip, leading
to the formation of disorganized myosin II filaments [14].
Moreover, the Mid1nsmD50–100 mutant showed strong ringcompaction defects (Figures 3A and 3C) and was excluded
from contractile rings during all steps of ring formation (Fig-
ure 3A; Figure S3B). Division plane positioning was also
strongly defective (w60% misplaced septa; Figure 3D; Fig-
ure S3C). However, these defects were less severe than in
mid1D cells (w60% and w95% misplaced septa; Figure 3D;
Figure S3C), suggesting that Mid1 can promote contractile
ring assembly independently of myosin II recruitment.
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Figure 4. Mid1 Residues 1–100 Drive Mid1 Localization at the Contractile Ring and Interact with a Rng2 Fragment
(A) Localization of Cter-4GFP (left) and Mid1 1–100-Cter-4GFP (right) during mitosis in cells deleted for mid1 expressing Rlc1-mcherry and Sfi1-mRFP.
Maximum projections of Z stacks are shown. Scale bar represents 4 mm.
(B) Cell wall and septum staining (left) and percentage of normally placed septa (right) in same cells as in (A), wild-type (WT), ormid1D cells. Cells were grown
at 30C. Scale bar represents 10 mm. Error bars denote SD, six independent counts of 100 cells.
(C) In vitro binding of Rng2 C-terminal fragment (MBP-Rng2 1306-end) on Mid1 1–100 fragment (GST-Mid1 1–100). Proteins are stained with Coomassie
blue. GST and MBP are used as negative controls. Red star denotes MBP-Rng2 1306-end bound to GST-Mid1 1–100.
(D) Model for Mid1 activation by Plo1 at the onset of mitosis. In G2/M, Cdc2-dependent phosphorylation of Plo1 binding site RQST517PV favors Plo1 inter-
action with Mid1. Phosphorylation of Mid1 by Plo1 triggers Mid1 export from the nucleus, reinforces its localization at the medial cortex, and couples the
position of the division plane to nuclear position. Plo1 phosphorylation of domain 1–100, which interacts with a C-terminal fragment of Rng2, also triggers
myosin II recruitment to medial cortical nodes and initiates the process of contractile ring assembly.
See also Figure S4.
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477The relatively mild phenotype of the Mid1nsm-6Ala mutant
suggested that Plo1 may phosphorylate additional residues.
Indeed, Mid1-1–100-6Ala could still be phosphorylated by
Plo1 in vitro (Figure S3D). Introducing the T517A mutation,
which reduced Mid1 interaction with Plo1, aggravated the
Mid1nsm6Ala phenotype (Figures S3E–S3H). However,
mutating other Plo1 consensus sites located within the Mid1
1–100 fragment (S7 and T51; Figure 2E), or Plo1 consensus
sites outside of Mid1 1–100 fragment phosphorylated in vivoduring mitosis (S293, S347, S388) or in vitro by Plo1 (S167,
S371; data not shown), did not aggravate the Mid1nsm-6Ala
phenotype (data not shown).
In contrast, mutation to alanine of S42 and S67, which were
detected as phosphorylated in vivo during mitosis (see Fig-
ure 2E and Table S2), produced defects very similar to the
Mid1nsmD50–100 mutant when added to the Mid1nsm6Ala
mutant (Figures S3E–S3H), indicating that phosphorylation of
S42 and S67 participates in Mid1 activation. Although S42
Current Biology Vol 21 No 6
478and S67 do not match typical Plo1 consensus sites, this does
not exclude them as potential Plo1 targets, because Polo
kinases can phosphorylate sites only loosely related to the
consensus (see [21]).
Mid1 Residues 1–100 Associate with the Contractile Ring
and Interact with a C-Terminal Fragment of Rng2
We next tested whether Mid1 residues 1–100 are sufficient for
myosin II recruitment by fusing residues 1–100 to Mid1 Cter
(Mid1 1–100-Cter). Mid1 Cter provides a cortical anchor for
residues 1–100 [24] and contains a Plo1 binding site (RQSTPV
site, aa 514–519). As shown previously, it did not associate
with the contractile ring (Figure 4A, left and Figure S4A, top)
[24]. In contrast, Mid1 1–100-Cter colocalized with Rlc1 at
the contractile ring (Figure 4A, right and Figures S4A–S4C)
and rescued mid1 deletion to a great extent (Figure 4B).
Myosin II recruitment was still delayed, and its recruitment
pattern was disorganized (Figure S4A), suggesting that phos-
phorylation of Mid1 1–100 might be less efficient in this
context. Of note, Mid1 1–100-Cter cannot associate with
medial cortical nodes and lacks a nuclear localization domain
(aa 450–506), impairing Mid1 spatial regulation [7]. It also
cannot interact with Clp1, altering the dynamics of contractile
ring components [29].
When we introduced the 6Ala mutations in Mid1 1–100-Cter,
in combination or not with S42A and S67A, the ability of Mid1
1–100-Cter to colocalize with Rlc1 at the contractile ring was
reduced (Figures S4B and S4C). Of note, these constructs
retained the ability to partially complementmid1 deletion (Fig-
ure S4D), raising the possibility that hypophosphorylatedMid1
1–100 can interact with ring components, at least transiently.
Finally, we asked which contractile ring component directly
interacted with Mid1 1–100. We found that a C-terminal frag-
ment of Rng2 (aa 1306 to end), an IQGAP recruited to medial
cortical nodes at the same time as myosin II in a Mid1-depen-
dentmanner [12, 13, 17], could interact withMid1 1–100 in vitro
(Figure 4C). This interaction was observed in the absence
of Mid1 1–100 phosphorylation by Plo1 at high protein con-
centrations. Nevertheless, our in vivo analysis of phosphode-
fective Mid1nsm and Mid1 1–100-Cter suggests that this
interaction is finely tuned by Plo1 in vivo.
In conclusion, our work provides evidence that Mid1 amino
acids 1–100 are targeted by Plo1, which phosphorylates
multiple serine and threonine residues to indirectly trigger
myosin II recruitment a few minutes before SPBs separate.
We propose that this recruitment may be mediated by Rng2,
a C-terminal fragment of which directly interacts with this
Mid1 fragment (see Figure 4D). Whether Rng2 directly inter-
acts with myosin II remains an open question that will be
important to address in the future.
Because Plo1 gets quickly activated at mitotic entry [30],
Plo1-dependent regulation of Mid1 export and myosin II
recruitment to medial cortical nodes provides a controlled
mechanism to couple early stages of contractile ring assembly
with mitotic onset. In addition, Plo1 activates the SIN pathway,
which triggers septation [30, 31] and functions in parallel to
Mid1 to promote contractile ring assembly [32, 33] (see also
[4]). These data altogether reveal mechanisms by which Plo1
acts as a key temporal coordinator of contractile ring assembly
events in fission yeast.
Polo kinase Plk1, the metazoan counterpart to Plo1, is also
a key regulator of cytokinesis in animal cells, where it regulates
Cyk4/MgcRacGAP interaction with Ect2 RhoGef, leading to
RhoA activation and contractile ring assembly at the cellequator (see [1, 2]). Anillin, the functional homolog of Mid1,
physically interacts with RhoA and Cyk4/MgcRacGAP and
serves as a scaffold for RhoA signaling and contractile ring
assembly (see [34] for a review). It will be important to deter-
mine whether Plk1 regulates anillin scaffolding activities in
animal cells, similar to Plo1-dependent regulation of Mid1
activity.
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